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transduction appears to be achieved in part by high rates of vesicle fusion have been made at a number of
synapses. For example, at hippocampal synapses therehydrolysis rates of PIP2. Without Ca21-mediated regula-
appears to be a requisite refractory period of at leasttion of PIP2 metabolism, Hardie et al. estimate that a
20 ms between fusion of one vesicle and the next at asingle photon of light might deplete all of the PIP2 in four
single release site (Stevens and Wang, 1995), with amicrovilli rather than the PIP2 in the immediate vicinity of
maximum rate of 15–30 fusion events per second perthe photoactivated rhodopsin.
release site (Stevens and Tsujimoto, 1995). In contrast,Finally, one of the important contributions of the cur-
sensory neurons—such as retinal bipolar or saccularrent study is the demonstration that Kir2.1 can be an
hair cells—are capable of fusing 500 vesicles per secondeffective biosensor for PIP2 in vivo. It will be important
per release site (Parsons et al., 1994; von Gersdorff etto establish a dose response curve comparing the activi-
al., 1996). This high release rate may be supported byties of Kir2.1 over a range of PIP2 concentrations. In
the synaptic “ribbons” that appear to provide a constantaddition, the work by Hardie et al. raises the possibility
supply of releasable vesicles. The lack of these ribbonsthat mutations in mammalian TRPC proteins may lead
could then account for the slower maximal rate of vesicleto phenotypic consequences due in part to a reduction
release at more conventional synapses. Alternatively,in PIP2 levels. Recently, a mouse knockout of TRPC4
because postsynaptic responses are typically used tohas been reported resulting in an impairment in vasore-
determine the number of vesicles released at centrallaxation. Thus, the means are now available to begin
synapses, the disparity could arise from limitations intesting this intriguing possibility.
measuring vesicular release rates.
In this issue of Neuron, Sun and Wu (2001) directlyCraig Montell
measure the number of synaptic vesicles undergoingDepartments of Biological
fusion with the presynaptic plasma membrane duringChemistry and Neuroscience
neurotransmitter release. They employed the patch-The Johns Hopkins University School of Medicine
clampmethod to measure membrane capacitance changesBaltimore, Maryland 21205
that arise from incorporation of vesicular membrane fol-
lowing fusion. Although such measurements have beenSelected Reading
made at the squid giant synapse (Gillespie, 1979) and
Cook, B., and Minke, B. (1999). Cell Calcium 25, 161–171. goldfish retinal terminals (von Gersdorff et al., 1996),
Cosens, D.J., and Manning, A. (1969). Nature 224, 285–287. it had not previously been possible to perform such
measurements at mammalian central synapses. Sun andHardie, R.C., and Minke, B. (1992). Neuron 8, 643–651.
Wu were able to accomplish this feat by examining theHardie, R.C., Raghu, P., Moore, S., Juusola, M., Baines, A., and
Sweeney, S.T. (2001). Neuron 30, this issue, 149–159. large presynaptic terminal at the calyx of Held. These
synapses arise from the terminations of globular bushyHarteneck, C., Plant, T.D., and Schu¨ltz, G. (2000). Trends Neurosci.
23, 159–166. cell axons upon principal neurons in the medial nucleus
of the trapezoid body. Because the calyx is so large, itLeung, H.T., Geng, C., and Pak, W.L. (2000). J. Neurosci. 20, 6797–
6803. is accessible for patch-clamp recordings in brain stem
Li, H.S., and Montell, C. (2000). J. Cell. Biol. 150, 1411–1422. slices and has been widely used in recent electrophysio-
logical analyses of transmitter release (Forsythe, 1994;Minke, B., and Selinger, Z. (1991). In Progress in Retinal Research,
Vol. 11, N.N. Osborne, and G. J. Chader, eds. (Oxford: Pergaman Borst et al., 1995; Wang and Kaczmarek 1998).
Press), pp. 99–124. Kinetics of Vesicle Fusion
Montell, C. (1999). Ann. Rev. Cell Dev. Biol. 15, 231–268. With this approach, Sun and Wu were able to resolve
Montell, C., and Rubin, G.M. (1989). Neuron 2, 1313–1323. several properties of neurotransmitter release at the ca-
lyx of Held. First, they measure the number of synapticScott, K., Sun, Y., Beckingham, K., and Zuker, C.S. (1997). Cell 91,
375–383. vesicles that are ready for release and the rate at which
these vesicles are released. The size of this readily re-Wu, L., Niemeyer, B., Colley, N., Socolich, M., and Zuker, C.S. (1995).
Nature 373, 216–222. leasable pool was determined to be z3000–5000 synap-
Xu, X.Z., Chien, F., Butler, A., Salkoff, L., and Montell, C. (2000). tic vesicles. This number is much larger than the previ-
Neuron 26, 647–657. ous estimates of the releasable pool (600–1800 vesicles)
that were based solely on measurements of excitatory
postsynaptic currents (EPSCs) arising from the release
of glutamate onto the postsynaptic principal neuronsRapid-Fire Synaptic
(Wu and Borst, 1999; Schneggenburger and Neher,
Vesicle Exocytosis 2000). Such measurements will underestimate the size
of the releasable vesicle pool if the postsynaptic recep-
tors are saturated or desensitized during the period of
The amount of electrical signaling in the brain depends, transmitter release. In fact, Sun and Wu showed that
in large part, on the rate at which neurotransmitters are EPSC amplitudes are completely saturated when capac-
released from presynaptic terminals. At a given synapse, itance measurements reach only 35% of their maximum
the net rate of neurotransmitter release is the product value. Thus, it appears that the contents of z1/3 of the
of the number of presynaptic release sites (termed active releasable vesicle pool are sufficient to saturate all the
zones) and the rate at which synaptic vesicles can fuse postsynaptic glutamate receptors at the calyceal syn-
with the plasma membrane at each release site. There- apse. This conclusion was supported by experiments
fore, it is important to determine how fast single active employing kynurenate, a drug that reduces glutamate
receptor saturation. Given that the calyx has z500 activezones can release transmitters. Measurements of the
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zones (Lubke et al., 2000, Soc. Neurosci., abstract), there fused during exocytosis. For example, membrane ca-
are z6–10 vesicles in the readily releasable pool of each pacitance recovered with a time constant of 9 s following
active zone. In fact, the new measurements of vesicle a stimulus that lasted 2 ms, while a 10 ms long stimulus
pool size provided by Sun and Wu could still be underes- resulted in a capacitance response that decayed with
timates if transient, “kiss and run” fusion occurs during a time constant of 21 s. Because both the number of
the presynaptic stimulus (Pyle et al., 2000; Stevens and vesicles released (1300 versus 3500) and the time con-
Williams, 2000), which is a time when capacitance can- stant for retrieval (9 s versus 21 s) increased 2.5 times
not be assessed reliably. when increasing the stimulus from 2 to 10 ms, this indi-
By varying the duration of the presynaptic stimulus, cates that the rate of synaptic vesicle endocytosis is a
Sun and Wu could define how rapidly the pool of releas- constant value of z150 vesicles per second. Given that
able vesicles was exhausted. They found that the releas- there are z500 release sites in a calyx terminal, this
able pool was depleted within 10 ms, with a time con- translates into z0.3 vesicles retrieved per second per
stant of z3 ms, indicating that synaptic vesicles are release site. This is in line with recent studies at hippo-
released very rapidly at this synapse. Based on the sim- campal synapses and the frog neuromuscular junction,
plifying assumption that neurotransmitter released from where vesicle endocytosis seems to have a ceiling of
a single vesicle saturates all glutamate receptors at a z1–4 synaptic vesicles per second per release site (Wu
single postsynaptic site, it is possible to estimate the and Betz, 1996; Sankaranarayanan and Ryan, 2000).
rate of vesicle fusion at single release sites. Because the Thus, one of the molecular components required for
EPSC measurements show that postsynaptic receptors endocytosis seems to be rate limiting so that only a
are completely saturated by release of 35% of the releas- small amount of membrane can be retrieved per unit of
able pool, then the 10 ms required to deplete the readily time, even following massive exocytosis.
releasable pool allows z3 vesicles to fuse at each re- With this new application of capacitance measure-
lease site. This release rate is at least an order of magni- ments, it should now be possible to examine many other
tude faster than those previously measured at hippo- aspects of synaptic vesicle trafficking that previously
campal active zones (Stevens and Tsujimoto, 1995) but resisted experimental analysis. For example, the ability
is in line with the release rates measured at sensory to detect endocytosis with high temporal resolution (see
synapses (Parsons et al., 1994; von Gersdorff et al., also Parsons et al., 1994; Sankaranarayanan and Ryan,
1996). Thus, synaptic ribbons are not required for high- 2000) should pave the way for detailed analyses of endo-
speed fusion of synaptic vesicles. cytosis and its molecular underpinnings. Considering
Multivesicular Release at Single that the calyx of Held is a fast, central synapse with
Active Zones conventional active zones, information obtained about
The work by Sun and Wu also contributes to a long- vesicle dynamics in this large terminal should be particu-
standing discussion of the number of vesicles that can larly informative about vesicle trafficking processes go-
be released simultaneously at an active zone. Previous ing on at many other central synapses.
work has led to the suggestion that an action potential
can cause the fusion of one vesicle or less per active
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University of Texas Health Scienceization increased presynaptic capacitance by z100 fF,
Center at San Antoniowhich represents the fusion of 880–1200 vesicles. This
San Antonio, Texas 78229shows that multiple (2 or more) vesicles can fuse at each
of the 500 active zones. What determines whether one
Selected Readingor more vesicles fuse is not yet clear. Given the previous
evidence that prolonging the presynaptic action poten-
Bennett, M.R., Farnell, L., and Gibson, W.G. (2000). Biophys. J. 78,tial favors multiple release events, it appears that the
2222–2240.spatiotemporal pattern of calcium entry into the terminal
Borst, J.G., Helmchen, F., and Sakmann, B. (1995). J. Physiol. 489,plays a major role in defining how many vesicles fuse
825–840.(Bennett et al., 2000). Other possibilities—such as adap-
Forsythe, I.D. (1994). J. Physiol. 479, 381–387.tation of exocytosis (Hsu et al., 1996) or “lateral inhibi-
Gillespie, J.I. (1979). Proc. R. Soc. Lond. B Biol. Sci. 206, 293–306.tion” of fusion following a release event (Stevens and
Heuser, J.E., Reese, T.S., Dennis, M.J., Jan, Y., Jan, L., and Evans,Wang, 1995)—could also play a role in limiting release
L. (1979). J. Cell Biol. 81, 275–300.in cases where a single vesicle is released at an active
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measurements suggest that the rate of endocytosis de- Parsons, T.D., Lenzi, D., Almers, W., and Roberts, W.M. (1994). Neu-
ron 13, 875–883.pends upon the number of vesicles that have previously
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Pyle, J.L., Kavalali, E.T., Piedras-Renteria, E.S., and Tsien, R.W. ture or it may simply be physiologically optimized at this
(2000). Neuron 28, 221–231. temperature. In contrast, a worm conditioned by the
Sankaranarayanan, S., and Ryan, T.A. (2000). Nat. Cell Biol. 2, absence of food will move in the same assay without
197–204. regard for temperature as long as it remains within a
Schneggenburger, R., and Neher, E. (2000). Nature 406, 889–893. tolerable range (Wittenburg and Baumeister, 1999). The
Stevens, C.F., and Tsujimoto, T. (1995). Proc. Natl. Acad. Sci. USA main features of the neural circuit controlling thermo-
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Stevens, C.F., and Wang, Y. (1995). Neuron 14, 795–802. (AFD) makes synaptic output to a single class of in-
Stevens, C.F., and Williams, J.H. (2000). Proc. Natl. Acad. Sci. USA terneuron (AIY). AIY in turn makes synapses mostly to
97, 12828–12833. three other classes of interneurons: AIZ, RIA, and RIB.
Sun, J.-Y., and Wu, L.-G. (2001). Neuron 30, this issue, 171–182. AIZ makes synapses back to AIY and to various other
interneurons. Based on synaptic connections, laser ab-von Gersdorff, H., Vardi, E., Matthews, G., and Sterling, P. (1996).
Neuron 16, 1221–1227. lation studies, and genetic perturbations, AIY and AIZ
Vincent, P., and Marty, A. (1996). J. Physiol. 494, 183–199. are particularly important for thermotaxis, whereas RIA
and RIB seem to be integrative interneurons that re-Wang, L.-G., and Kaczmarek, L.K. (1998). Nature 394, 384–388.
spond to many sensory cues (Mori and Ohshima, 1995;Wu, L.-G., and Betz, W.J. (1996). Neuron 17, 769–779.
White et al., 1986, Hobert et al., 1997). AIY and AIZWu, L.-G., and Borst, J.G. (1999). Neuron 23, 821–832.
play antagonistic roles in thermotaxis: AIY activity favors
migration to high temperatures and AIZ activity favors
low temperatures (Mori and Ohshima, 1995).
Nematodes Are Smarter The paper by Gomez et al. (2001) in this issue of
Neuron reports a role for a C. elegans neuronal Ca21than You Think
sensor protein (NCS-1) in thermotaxis accuracy and
plasticity. NCS-1 belongs to a large family of EF hand
containing calcium binding proteins and is highly con-Weighing in at about 5 mg, with 302 neurons and 5000
served across species, including yeast, Drosophila, C.synapses, C. elegans is unlikely to prove theorems, write
elegans, rodents, and humans. They report that NCS-1poetry, or challenge Mike Tyson. Still, remarkable be-
is expressed in 13 classes of neurons and one musclehavioral complexity is packed into this tiny worm. Worms
cell. The neurons are mostly sensory, including the ther-live in a sensory world very different from our own, one
mosensory neuron AFD, but they also include the in-dominated by touch, taste, and smell, one in which bac-
terneuron AIY. The authors generate a null deletion alleleteria are the size of cherries, and Brownian motion and
of NCS-1 using reverse genetic methods (Plasterk, 1995).surface tension take the place of wind and gravity. It is
ncs-1(null) mutants develop normally and perform nor-difficult for us to intuit what their world is like, but one
mally in chemotactic odorant responses, suggestingmeasure of what the worm cares about is the behavioral
that their fine locomotory and taxis systems are unper-and genetic complexity devoted to various sensory
turbed. However, their performance in isothermal trackingmodes. By this measure, thermotaxis must matter a lot
is substantially degraded, resembling that seen whento the worm. This behavior was first described in 1975
the thermosensory neuron AFD is removed. Transgenicby Hedgecock and Russell, who noted, among other
experiments with altered ncs-1 genes show that its func-things, two remarkable features. First, worms are capa-
tion in thermotaxis depends on its Ca21 binding sitesble of moving along curving isothermal lines in their
and on expression specifically in the interneuron AIY.medium with precision, deviating as little as 0.18C from
Up to this point, these results are interesting but, onetheir preferred temperature. Second, thermal preference
might argue, not particularly exceptional: NCS-1 func-is plastic, being conditioned by the presence or absence
tions in AIY in its familiar Ca21 binding role to mediateof food.
thermosensory response. However, perhaps inspired byThe plasticity in C. elegans thermotaxis is apt. When
similar approaches to the study of Drosophila learninga worm experiences prosperity (abundant food) at a
and memory (Yin et al., 1995), the authors go on togiven temperature, it acquires a preference for this tem-
make a very striking set of observations. Transgenicperature over others. When the temperature is held
overexpression of normal NCS-1 protein from its ownsteady and food is removed, this preference degrades
promoter enhances peak isothermal tracking accuracy,with time and is replaced by a temperature-independent
speeds the acquisition of a new thermal preference aftersearching mode of locomotion. When food remains
temperature shift paired with food, and delays the ex-abundant and temperature is changed, the result is a
tinction of thermal preference when food is removed.gradual shift in thermal preference toward the new
This is the kind of result every scientist dreams of: simplegrowth temperature. The assay for these changes is
and compelling. It is hard to escape the conclusion thatsimple (Hedgecock and Russell, 1975). A conditioned
NCS-1 is a critical component of a process that mediatesworm is placed on an agar surface (without food) in
thermotaxis plasticity and memory. Are worms withwhich a radial thermal gradient has been formed. As the
more NCS-1 smarter? I doubt this is the right way to thinkworm moves, it leaves behind a detectable indentation
about it. We can presume that the quality of isothermalin the agar, providing a record of its locomotory behavior
tracking and the rate of change in thermal preferenceover time. A happily conditioned worm will spend most
are adaptive traits. As with sensory attentiveness andof its time making precise circles along its preferred
long-term memory in humans, it is presumably importantisotherm. In the absence of other cues, the worm may
anticipate that food is likely to be found at this tempera- for worms to place a selectable weight on particular
